This paper presents the use of Frequency Response Functions (FRFs) to determine damage index and crack damage in reinforced concrete (RC) beam structures using vibration signals. Three methods consisting of Static Residual Strength Index (SRSI), Intermediate Load Damage Index (ILDI), and Modified Flexure Damage Index (MFDI) were adopted in this research. Impact tests on simply supported RC beams were conducted to measure vibration signals on the beams by recording the curvature mode shapes during the experimental testing. The ICATS software was carried out to capture the Frequency Response Functions (FRFs) data at each load step. Cracks occurred on the beam due to the applied load, reducing its natural frequency, indicating an initial stage of the damage having occurred. The midspan vertical deflection of the beam results in its mode shape changes and curvatures increased. The mode shape curvature square difference was used to determine the extent of damage and location of damage indicating the beam residual strength. A numerical algorithm of the finite difference method was performed using the FRFs data to calculate the different FRFs for undamaged and damaged beam conditions based on the mode shape curvature square (MSCS) method. The damage index and crack detection based on the numerical computation were determined by subtracting the MSCS between undamaged to damaged beams. The resulting accuracy of the damage index used to define the level of damage and damage location was absolutely achieved by comparing the numerical and observed experimental results.
INTRODUCTION
Propagated cracks in reinforced concrete have been indicated as one of the initial factors affecting the failure of concrete structures. With regard to maintaining the safety of the structure, cracks should be initially detected [1, 2] . The last few years, there have been a couple of evaluation methods of structural failure that can be categorized into a conventional and dynamic method. The vibration method has been widely used in many countries over the world [1, 3] . A method of structural health monitoring is commonly implemented nowadays utilizing the vibration test to detect damage of structure at an initial stage [4] [5] [6] .
In a real structure, the incremental load often makes the RC beam experiencing cracks either due to flexural, shear, and/or both stresses. The beam structure is one of the essential components in the building construction, but it usually becomes the primary component that resists the main load on a building or bridge depending on its structure geometry [7] . Cracked beams subjected to the applied load have reduced natural frequency, that indicates the initial damage process. Furthermore, the deflected beam results in its mode shape changes and curvature increases. In general, the decline in the value of natural frequencies in a structure decreases in the value of stiffness in the structure as well [1] [2] [4] [5] [6] . Whilst, the natural frequency is efficiently measured by high accuracy to detect the damage [8] .
Research that detects damage by using natural frequency on beam has been undertaken by many researchers, their difference depends only on the use of different analysis methods. Some methods that have been applied among others are modal curvature [8] [9] [10] , time-frequency distribution [11, 12] , frequency response functions [13] [14] [15] [16] [17] [18] [19] , and damage index method [20] [21] [22] [23] [24] .
This paper presents a research program focusing on crack damage detection in RC beams subjected to dynamic and static incremental loads using natural frequency measurements. The adopted methods of analysis were the Static Residual Strength Index (SRSI), the Intermediate Load Damage Index (ILDI) and the Modified Flexure Damage Index (MFDI).
THEORETICAL REVIEW
A common formula used for natural angular Geotechnique, Construction Materials and Environment frequencies (n) of a simply supported beam with uniform cross-section has been widely published and it is now available in the literature [23] , the standard notations are described in detail as follows: (1) where n is the order of the mode shape, m is the mass per unit length, L is the beam length, E is Young's modulus, and I is the moment of inertia. Engineering beam theory provides for curvature:
where M is the bending moment at the cross-section considered and κ is the curvature of the beam's axis. Combining Eq. (1) and Eq.
(2) gives:
Eq.
(3) can be derived for a linear prismatic beam, but it is not exact for a non-linear nonprismatic beam. It presents a relationship between the curvature and the natural frequencies. In general, the curvature can always be defined based on the beam deflection by:
The last term in Eq. (4) can be estimated utilizing a central difference formula as follows:
where l is the grid length of the measuring grid (or the element size of the finite element in a numerical solution) and vi is the deflection of the beam at the cross-section considered.
In this research, Pmax is a maximum load assigned when the measured displacement increases dramatically while the load nearly does not increase at all, the beam is then assumed totally (100%) damaged. Based on the intermediate loads between P cr and P max , the damage index is well-defined as: 
Eq. (6) represents the definition of DI that is extensively recognized but is arbitrary as Pcr relates to the onset of obvious crack when some damage may have been already inflicted.
(3) shows that for the damaged beam, the change in ɷ n is intimately related to κ. This is the basis to define a modified flexure damage index (MFDI) to indicate the extent of the damage: 22 22 max
where , cr, and max are the natural frequencies of the damaged beam, natural frequency at the first crack, and the natural frequency at the maximum crack, respectively. Table 1 presents a classification list of damage index and damage level. 
EXPERIMENTAL SETUP
Four specimens consisted of simply supported RC beams with a cross-section of 100x150 (mm 2 ), and the beam length of 1200 mm. Each specimen had a different variation of stirrups and was subjected to static and dynamic loads. Two-point static loads were positioned at the middle of the beam span. The natural frequency at each loading stage was recorded by using an accelerometer tool. Fig. 1 depicts the RC beams having a variety of shear reinforcements. Selected beam specimens reported in this paper were given the following designation 1B, 2A, 3B and 4B.
Basically, all beam specimens except beam 1B were provided shear reinforcements with a diameter of 6 mm and varying spacing of 150, 100, and 60 mm for beams 2A, 3B, and 4B, respectively. The stirrups were applied to start from the supports to the load position installed. Fig. 2 depicts an experimental setup for the static testing presenting a simply supported beam that has been discretized in the size of 50x50 mm 2 , i.e. 25 nodes available. The load position was set at the middle of the span using two-point loads. The dial gauge was mounted on the tensile fiber of the specimen right in the middle of the beam span to measure vertical deflection that occurred. Fig. 3 illustrates all devices used in this research for the dynamic tests. The ICATs software was used to read required frequency data that were initially supplied from the result of laboratory measurement. Whilst Fig. 4 presents an example of the analysis process for the beam 3B specimen that was carried out from the software. Based on the recorded data, the beam damage was successfully detected correlating to the relationship between applied load and vertical deflection of each beam. 
RESULTS AND DISCUSSION
Four selected RC beams having different shear reinforcement ratios are presented in this paper ( Fig. 1) . Each beam is sequentially tested under static load ( Fig. 2 ) and dynamic load ( Fig. 3) . A series of tests were carried out to measure the important data needed to determine the flexural and the shear strengths, the crack propagation, the crack detection, and the crack location of the beam, respectively. Each step consisted of increasing the static load, the vertical deflection at the middle of the beam span is recorded. Similar action in the dynamic load [15] [16] [17] [18] has been conducted to measure the frequency response function (FRF). In addition to the dynamic load, the hammer's vibration is used to hit at predetermined nodes on the upper side of the beam. During the experimental testing, the ICATS software was used to capture the FRF data at each node. Fig. 4 presents the loaddisplacement response for all beam specimens producing different applied static load vs displacement curves.
The lowest beam strength occurred in beam 1B, where the shear reinforcement was not provided at all, producing the maximum load of 22.8 kN, which was correlated to the maximum vertical deflection of 6.67 mm. The other three specimens consisting of beams 2A, 3B, and 4B resulted in higher strengths achieving the maximum loads of 47.2, 49.8, and 53.4 kN, respectively. Based on the loaddisplacement response, a displacement ductility factor for each beam specimen was determined by computing the ratio between the maximum displacement and the displacement at first yield. Furthermore, the displacement ductility gradually increased as the shear reinforcement distance reduced, where the maximum vertical deflections achieved were 7.76, 13.1, and 11.7 mm for the following beams 2A, 3B, and 4B, respectively. In line with previous researches [1] [2] [3] , less shear reinforcement in the RC beam generally produces significant strength reduction, in withstanding shear stresses. In contrast, the beams with higher shear reinforcement ratio give better strength and displacement ductility [4] [5] [6] as demonstrated by the beams 3B and 4B.
Fig. 4 Applied load and displacement relationships
The beam 4B is the best specimen that was able to obtain the highest load compared to the other test specimens. The beam 1B only resisted the strength of about 42.69% of the beam 4B. This phenomenon indicates that the shear reinforcement greatly affects the performance of the reinforced concrete beam [15] . Meanwhile, the maximum value of deflection occurred in the beam 3B; which had shear reinforcement at spacing of 100 mm. Compared to the beam 1B, the 3B specimen is much better in receiving the applied load and able to resist a larger deflection. In another case, beam 2A trending closely to beam 3B in supporting the higher applied load, however, it has a lower displacement ductility. Overall, the beam 4B produced the highest strength compared to the other two beams (2A and 3B), but the displacement ductility is approximately the same as the 3B beam.
As an example of running the ICATS software for the beam 3B, the highest mode shape was achieved at the 3 rd mode which correlated to the maximum applied load of 49.85 kN and the frequency of 485.234 (Hz) where the accelerometer was positioned at node 16. Typical results of this stage of the ICATS process using the data that was recorded from the experimental test of the beam 3B are briefly presented in Fig. 5 , where the straight line characteristic of both Real and Imaginary Parts can be seen clearly. It is shown that both these straight-line slopes, , m and , are simple functions of . The frequency of each specimen was measured from each specified node in every increment of the static load until the beam failure occurred. In this research, each specimen was captured for its frequency before and after applying the loads progressively. It was noted [19] that the higher frequencies were found at the initial stage of unloaded condition then the frequency decreased significantly after beam failure was achieved. Table  2 presents a frequency measurement at the extreme of applied loads, i.e., unloaded and maximum load at each beam specimen. Giving this condition and referring to Fig. 4 , the decrease in flexural strength of reinforced concrete beams seems to be related to the decrease in frequency and along with the level of damage. The smallest level of damage on reinforced concrete beams occurred in beam 4B and this corresponds to the shear reinforcement ratio installed. In contrast, the beam 1B provided the smallest percentage of frequency reduction. Complete frequency measurement of the beam specimens is depicted in Fig. 6 demonstrating the flexural strength of the beam significantly reduces frequency and propagates crack damage. When the frequency ratio for all specimens is set to 1.0, the applied load ratio then equals to zero. In other words, the variety of frequency ratio in each beam is directly affected by the applied load and provides different values of its frequency.
After reaching the value of frequency and maximum load, the collected data were then analyzed by using the proposed methods of Statics Residual Strength Index (SRSI), Intermediate Loads Damage Index (ILDI) and Modified Flexure Damage Index (MFDI) to define the value of damage index referring to Table 1 . Based on the results, the level of damage on each beam specimen is absolutely identified referring to Eraky et al. [20] and Labib et al. [21] .
Hence these three proposed methods [23] were adopted to determine the damage index of each beam specimen. Referring to Eq. (6), the ILDI method can be used to compute the damage index based on the static applied loads, i.e. the intermediate loads between Pcr and Pmax. Similarly, the SRSI method determines the damage index based on residual strength index subjected to static loads, where the stiffness (k) = P/δ, is a ratio between applied load (P) and displacement at midspan (δ). The stiffness is measured at each load step and the percentage of static residual strength (SRS) can be calculated by subtracting 100 percent with the ratio of k divided by the summation of k times 100 percent. The damage index is then calculated by subtracting 100 percent with the value of SRS. The damage index based on the MFDI method refers to Eq. (7) by taking account of the measured natural frequency. Fig. 7 presents a typical frequency and damage index relationship demonstrating the capability of the three proposed methods for all specimens. A negative sign of the damage indexes resulted from both the ILDI and MFDI methods indicating the beam has not yet started cracking. In contrast, the SRSI does not produce the negative sign of the damage indexes at all. The beam starts to crack after the load is applied, and the cracks will propagate as the load gradually increases. In general, the graphs of the relationship between the frequency and damage index presented in Fig. 7 show the variation of high and low frequencies generated from the SRSI and MFDI methods, while the ILDI method produces the frequency in the middle between the two methods. All categories of damage level at each beam specimen (Table 1 ) have been demonstrated according to the strength level, and the achievement is greatly influenced by the frequency, ie. the greater the load received the smaller the frequency, as shown in Table 2 . It can be concluded that the level of damage of the beam correlates directly with the beam strength in withstanding the load it receives. Fig. 7 has also illustrated a process of detecting crack where the highest mode shapes of each beam specimen occurred. Furthermore, the hinge mode in each beam does not always occur in a certain node, but it changes depending on its strength condition in resisting the load applied. In addition to the crack damage detection, the first crack and the damage were differently identified at every specimen, and the applied loads at the first crack as well as the final stage of damage were randomly experienced. According to Fadillawaty [24] , these phenomena were dependent on the beam strength. Fig. 8 presents a typical example of a crack pattern due to the static loads imposed gradually on each specimen. The crack pattern on every specimen was identical to the first crack occurred vertically at the middle span. Based on this crack pattern, it could be categorized that the specimen suffered flexural damage at the early stage due to a static load. When the load was increased gradually, the crack propagation spread out vertically and diagonally along the beam length representing as flexural and shear damage. The flexural and shear damage could be detected progressively following the width and length of the beam cracks. As with the load values marked in Fig. 8 , the numbers indicate the increase in the load imposed along with the width and length of the crack development. This study presents a novelty of detecting crack damage in reinforced concrete beams and the highest mode shapes subjected to load increases give accurate results. The development of cracks due to load increases in the static testing may be accurately predicted according to the highest mode shapes based on dynamic testing. This research method is potentially extended for future works on a variety of structural elements.
CONCLUSIONS
Based on the results and brief discussion, the conclusions can be drawn as follows: a. The load increases on each specimen correlate directly to the natural frequency degradation along with the increases in beam damage, which is indicated by the increase in damage index. b. The level of damage of the beam correlates directly with the beam strength in withstanding the load it receives. c. Detecting crack damage in reinforced concrete beams based on the highest mode shapes subjected to load increases gives accurate results, utilizing any of the three proposed methods. d. Both static and dynamic testing produces precise results in detecting crack damage in reinforced concrete beams having the same longitudinal rebar and different confinement ratios. e. Based on the research findings, it is strongly recommended that the advanced research topic in detecting crack damage location in other reinforced concrete structures in resisting the seismic vibrations is essential in future research. 
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